Ultrathin HfO 2 films with about ∼3 nm thickness were deposited on n-type (1 0 0) silicon substrates using hafnium chloride (HfCl 4 ) source by the surface sol-gel method and post-deposition annealing (PDA). The interfacial structure and electrical properties of ultrathin HfO 2 films were investigated. The HfO 2 films show amorphous structures and smooth surface morphologies with a very thin interfacial oxide layer of ∼0.5 nm and small surface roughness (∼0.45 nm). The 500
Introduction
The scaling of silicon-based microelectronics devices has led to large leakage current of the silicon dioxide layer as a gate dielectric. It is necessary to replace the SiO 2 with high dielectric constant (k) oxides [1] [2] [3] [4] [5] . HfO 2 is a good candidate for applications in next generation metal-oxide-semiconductor devices due to a relatively high dielectric constant (k = 20-25) and a wide energy band gap (E g ∼ 5.6 eV) [6, 7] . In recent years, a number of methods have been investigated as routes for the fabrication of HfO 2 films, including atomic layer deposition (ALD) [8, 9] , metal organic chemical vapour deposition [10, 11] , magnetron sputtering deposition [12, 13] and pulsed laser deposition [14, 15] . However, most methods need expensive equipment for film deposition on heated substrates under vacuum conditions. The surface sol-gel technique is a stepwise film growth technique using consecutive surface reactions in a solution that resemble the self-limiting reaction in ALD, and it generally consists of four steps: nonaqueous chemisorption, rinsing, aqueous hydrolysis and drying [16] . Compared with ALD, the surface sol-gel is a fully solution-based technique and it can utilize inexpensive facilities with low operating costs to achieve precise thickness control of metal oxide films with nanometre precision. Some work has been reported that ultrathin films of conventional dielectric materials MO 2 (M = Ti, Zr) as well as their binary oxide composites MO 2 -M O 2 (M = Ta, La) can be fabricated with dielectric properties comparable to those obtained by ALD or other vapour-deposition methods [16, 17] . But until now, the literature on electrical properties such as equivalent oxide thickness (EOT) and leakage current density of high k ultrathin films derived by the solution-based method is still very scarce.
In this paper, ultrathin HfO 2 films were fabricated on silicon substrates by the surface sol-gel process and postdeposition annealing (PDA). The interfacial structure, surface morphology and electrical properties of ultrathin HfO 2 films without and with PDA have been investigated in depth. The voltage-dependent current conduction mechanism of ultrathin HfO 2 films was discussed.
Experiment
The substrates were n-type Si (1 0 0), cleaned by a standard RCA technique to remove organic and metallic contaminants on the wafer surface. Then the native silicon oxide layer on the surface was removed by immersion in a buffered HF solution (HF : H 2 O = 1 : 10) for 5 min followed by rinsing in deionized water for 3 min to get a hydrogen-terminated Si wafer. Finally, to obtain a hydroxyl-terminated Si wafer, these hydrogenterminated ones were ultrasonically cleaned in a 30% H 2 O 2 solution for 10 min at 60
• C. The precursor used was hafnium chloride (HfCl 4 ) with purity above 98%. The precursor solution (0.2 mol l −1 ) was obtained by dissolving HfCl 4 in 1 : 9 (v/v) acetylacetone/ethanol in a N 2 glovebox. The OH-terminated Si was immersed in the hafnium precursor solution for 3 min, followed by rinsing in ethanol for 1 min, hydrolyzed in deionized water for 3 min and finally dried by N 2 gas flow, thus completing one cycle. The deposition was repeated for 50 cycles. PDA of ultrathin HfO 2 films was performed at 500
• C for 5 min by rapid thermal annealing (RTA) in nitrogen atmosphere to remove the residual impurity of the as-deposited HfO 2 films and further densify the oxide films. Metal-insulator-semiconductor capacitors were fabricated by sputtering Pt top electrodes through a shadow mask with a diameter of 200 µm for electrical measurements.
Microstructural and interfacial structures of ultrathin HfO 2 films were characterized by high-resolution transmission electron microscopy ((HRTEM) Tecnai F20 S-Twin, FEI), x-ray photoelectron spectroscopy ((XPS) ESCALB MK-II). The surface roughness was examined using tapping mode with a scan step of 2 nm by atomic force microscopy ((AFM) NTEGRA Spectra, NT-MDT). The film roughness was represented by the root mean square value (RMS) in a 1 × 1 µm 2 area. Capacitance-voltage (C-V ) and leakage current density-voltage (J -V ) characteristics were measured by a precise impedance analyzer (Agilent 4294A) and a PA-meter (HP 4140B) voltage source.
Results and discussion
For ultrathin gate dielectrics oxide of several nanometres, the surface uniformity becomes more stringent for oxide reliability issues. Figure 1(a) shows the AFM image of HfO 2 ultrathin films derived by surface sol-gel. A small surface roughness with a RMS of ∼0.45 nm was obtained. Figure 1(b) shows the typical cross-sectional HRTEM image of HfO 2 ultrathin films deposited on Si substrates and annealed at 500
• C in N 2 . Obviously, the samples exhibit an amorphous structure with about ∼3 nm thickness. The parasitic oxide interfacial layer (IL) of the HfO 2 film is thinner than 0.5 nm. The IL of SiO x or Hf silicate easily appeared during the deposition process, because before the deposition, the Si substrates were dipped in a 30% H 2 O 2 solution to form a hydroxyl-terminated Si surface. In addition, in most of the literature, it has been found that the crystallinity of HfO 2 films is related to the film thickness. Generally, the HfO 2 films with a thickness below ∼5 nm show an amorphous structure even if annealed at a high temperature [18] . Our result also confirms the conclusion. In order to further reveal the interfacial structure, XPS analyses were used to analyse the composition and chemical bond of HfO 2 ultrathin films on Si without and with PDA. Based on the signal position and intensity of Hf and Si, the interfacial status of the thin film can be deduced. The binding energy of core levels was calibrated by setting the carbon 1s peak at 284.6 eV. Figure 2(a) shows the Hf 4f region of the XPS spectra which consists of the 4f 5/2 and 4f 7/2 components at different binding energies of Hf-O bonds. The Hf 4f 5/2 and Hf 4f 7/2 features for the as-deposited HfO 2 film are 18.2 eV and 16.8 eV, respectively. And the spin-orbit splitting is ∼1.4 eV, which is familiar in the Hf-O reference spectra (1.5 eV), consistent with the literature data of dielectric HfO 2 /Si [19, 20] . These results indicate that the HfO 2 film has been formed. It is noteworthy that the binding energies of 4f 5/2 and 4f 7/2 increase to 18.7 and 17.2 eV after PDA treatment, implying that more Hf elements were oxidized from a low oxidation state to a high oxidation state during PDA. That is to say, the 500
• C PDA treatment forms stronger Hf-O bonds, leading to passivated traps [21, 22] . This will improve the leakage properties of ultrathin HfO 2 films. [23] . From figure 2(b) , the left peaks for the as-deposited and PDA treated ultrathin HfO 2 films were ∼102.2 eV and∼102.5 eV, respectively, which is associated with Hf-O-Si from the Hf silicate IL (Hf x Si y O z ). It can be seen that after PDA treatment, the left peak of the Si2p signal shifts slightly to the higher binding energy with enhanced signal, indicating the diffusion of the Si element in the IL. In addition, the element chlorine was not detected within the detectable limit, which implies low chlorine residue in ultrathin HfO 2 films.
The C-V curves of Pt/HfO 2 /Si structures with and without 500
• C PDA treatment were measured at frequencies of 500 kHz and 1 MHz, respectively. Figure 3 shows the actual frequency-independent capacitance. The true capacitance can be calculated from the measured capacitance at two different measuring frequencies with quantum mechanical correction according to the theory by Yang so as to remove the effect of leakage current [24] . Setting the frequencies as f 1 and f 2 , and the corresponding MOS capacitance as C 1 and C 2 , we can get the actual capacitance:
(1)
As we know C = (ε 0 × ε r × A)/t, the EOT can be estimated from these accumulation capacitances in the calculated C-V curve by using a simple formula (2):
where ε 0 is the vacuum dielectric constant and A is the capacity area. As-deposited films exhibit an EOT value of 1.24 nm with the flatband voltage (V fb ) of 1.2 V. After 500 • C PDA, the EOT value of 0.84 nm was achieved with the flatband voltage (V fb ) of 1.0 V for the Pt/HfO 2 /Si capacitor, and it is a very low EOT value reported to date for HfO 2 fabricated by other methods. The reduced EOT value of the PDA treated HfO 2 film is attributed mainly to the improved film density and removal of some impurity in the film. The dielectric constant of the HfO 2 film was estimated to be about 14 by using a simple formula: k = T high-k (ε SiO 2 /EOT), where T high-k is the physical thickness of the HfO 2 film with a value of 3 nm (figure 1), ε SiO 2 of permittivity of SiO 2 with a value of 3.9 and EOT of 0.84 nm. The calculated lower permittivity of HfO 2 could be attributed to the presence of the IL (Hf silicate).
The leakage current densities (J ) as a function of the applied voltage (V ) of HfO 2 films are described in figure 4 . The as-deposited HfO 2 film exhibits larger leakage current (J = 2.3 A cm −2 at V fb + 1 V) because of the existence of numerous traps and some impurity. The interfacial properties have an important influence on the leakage current density [25] . • C PDA treatment.
The leakage current (J = 0.7 A cm −2 at V fb + 1 V) was suppressed after PDA at 500
• C in N 2 due to the passivation of interfacial states during PDA treatment.
To further understand the behaviour of leakage current, the current conduction mechanism of ultrathin HfO 2 films was investigated. Figure 5 (a) plots ln(J /V ) versus the square root of the applied voltage (V 1/2 ) for the as-deposited HfO 2 film. A good linear fitting appears while the applied positive voltage is higher than 1 V. This indicates that PooleFrenkel (PF) emission predominates in the leakage current of the as-deposited HfO 2 film. PF emission is a bulk-limited conduction process, which is field-assisted thermal detrapping of carriers from the bulk oxide into the conduction band [22, 26] , as schematically described in the inset of figure 5(a) . The plot of ln(J ) versus the square root of the applied voltage (V 1/2 ) for the PDA treated HfO 2 film is given in figure 5(b) . When the applied positive voltage is lower than 1.2 V, the linear trend indicates that the current conduction mechanism is Schottky-Richardson (SR) emission, which is a thermionic emission of an electron jump over a surface barrier [26] (inset of figure 5(b) ). The conversion of the current conduction mechanism from PF emission to SR emission demonstrates theoretically that partial traps were terminated after annealing at 500
• C in N 2 . However, with increasing applied voltage, the partial traps remaining in the HfO 2 film were activated resulting in Fowler-Nordheim (FN) tunnelling [27] ( figure 5(c) ). The inset in figure 5(c) shows a schematic energy-band diagram to explain trap-assisted tunnelling. The leakage current density increases rapidly under a higher positive applied voltage due to the current conduction mechanism changing from SR emission to FN tunnelling.
Conclusion
Ultrathin HfO 2 films were prepared on n-type (1 0 0) Si substrates by surface sol-gel process. A series of analytical techniques were used to characterize the structure, surface morphology and electrical properties of ultrathin HfO 2 films on Si. The HfO 2 films have amorphous structures with a very thin IL of ∼0.5 nm and small surface roughness (∼0.45 nm). XPS analyses indicate that the 500
• C PDA treatment forms stronger Hf-O bonds, leading to passivated traps, and the IL is mainly Hf silicate (Hf x Si y O z ) between HfO 2 and Si. The EOT value of 0.84 nm has been obtained, which is a very low EOT value reported to date for HfO 2 fabricated by other methods. For Pt/HfO 2 /Si after 500
• C PDA treatment, the leakage current density is 0.7 A cm −2 at V fb + 1 V. It was found that the current conduction mechanism varied from SchottkyRichardson emission to Fowler-Nordheim tunnelling at an applied higher positive voltage due to the activated partial traps remaining in the HfO 2 films.
